Nucleotide sequence analysis of human c-myc locus, chicken homologue, and myelocytomatosis virus MC29 transforming gene reveals a highly conserved gene product There are two distinct domains-the 5' unique domain, which is different from the viral, and the 3' coding domain, which contains amino acids coded by the two exons whose sequences have been determined here. In the latter domain, the amino acid variation between v-myc and chicken c-myc is less than 2%, whereas that between the chicken v-myc and the human is 27%, with the variation concentrated in the region that flanks the splicing points.
chemically defined as unrelated to the three essential virion genes (5) , were indeed present in one or a few copies per haploid cell genome and were highly conserved in vertebrate cells (6) (7) (8) (9) . A cellular homologue of the MC29 myc sequence, termed c-myc, has been detected in animals as diverse as Drosophila, chicken, and man (3, (10) (11) (12) (13) . However, it is still not known whether the cellular structural homologues of viral onc-specific sequences are also functional homologues, namely, cellular cancer genes, as has been postulated (14) .
To determine the functional relationship between the MC29 onc gene and its cellular prototypes, we have determined the sequence of the previously cloned (13) c-myc locus of the human and compared it with the corresponding locus of the chicken and with the MC29 transforming gene. Alignment of the human c-myc sequence with that of the chicken revealed that the two genes have homologous myc coding regions interrupted by an intervening sequence. Thus, the MC29 onc gene and the cellular human and chicken homologues differ structurally and possibly functionally.
Myelocytomatosis virus MC29 is a defective avian retrovirus with a hybrid transforming gene (Agag-myc) that consists of a 1,358-base-pair (bp) sequence from the retroviral gag gene and a 1,568-bp sequence (v-myc) shared with a cellular locus (c-myc) (1, 2) . We have sequenced 2,735 bp of cloned c-myc chicken locus, which includes the v-myc-related region of 1,568 bp, an intervening sequence of 971 bp, and unique flanking sequences at the 5' and 3' ends. Analysis of the genetic information and alignment of the c-myc sequence with the known sequence of MC29 revealed that the gene of the chicken c-myc locus and the MC29 onc gene share homologous myc regions and differ in unique 5' coding regions. We speculated that their protein products may have different functions. The MC29 hybrid onc gene must have been generated from the c-myc locus by deletion of the 5' cellular sequence and its replacement with the 5' region of the viral gag gene (2) .
Retroviruses with onc genes that rapidly induce tumor formation have been isolated only infrequently and are rarely transmitted horizontally in nature. However, it has been determined that onc genes, or prototypes of onc genes, exist in some latent form in normal cells (3, 4) . After the identification of onc genes in retroviruses, beginning with the src gene of Rous sarcoma virus (RSV) (5), the oncogene hypothesis (4) became testable by hybridization of cellular DNA with onc genespecific nucleic acid probes. Such experiments have indicated that structural homologues of onc-specific sequences, bio-MATERIALS AND METHODS Molecular Cloning and Nucleotide Sequence Analysis. A normal human locus homologous to the myc sequence of the MC29 transforming gene (v-myc) was identified (13) and subcloned in the plasmid vector pBR322 and then used for sequence analysis (Fig. 1B) . Appropriate endonuclease-resistant DNA fragments were labeled, and all later experiments were carried out as described in refs. 1 pears to start at an undetermined location 5' to an apparent spliceacceptor site at 4 bp, we have detected no initiation signal of transcription in the part of the c-myc locus whose sequence has been determined to date. However, we have identified two consensus signals involved in the termination of mRNA: an A-A-T-A-A-A at position 1,673 and a C-A-C-A at position 1,695. Analysis of the sequence upstream from the 5' exon should allow us to identify translation and transcriptional initiation signals that would suggest the origin of the c-myc message.
To determine structural and functional relationships between the human c-myc locus and its chicken homologue, we have aligned (on the basis of amino acid homology) the sequence of human c-myc with the known sequence of chicken c-myc (Fig. 2) . Several conclusions can be drawn by directly comparing these two genes and the predicted gene products. The human c-myc locus, like that in the chicken, is interrupted by at least one sequence. The splicing signals are conserved and in agreement with the consensus sequences (15) . The two exons of the human c-myc locus and the chicken locus have a common reading frame and a common translation termination signal. The protein coded by the 5' exon is 257 amino acids long, 23 longer than the chicken homologue; however, both 3' exons code for 187 amino acids.
The greatest variation between the c-myc loci occurs in the 5' exon. Additional amino acids (parentheses in Fig. 2 (1, 2) . This is probably also the case with the human c-myc.
The human c-myc locus has all the structural characteristics of a typical cellular gene and is transcriptionally active. Analysis of mRNA from normal human cells revealed myc-related RNA of 2.7 kilobases (16, 17) . This RNA size implies that human, like chicken, c-myc contains exons outside the regions defined here by homology with chicken c-myc and v-myc-an implication consistent with our evidence that the 5' ATG starting codon of translation is not within the sequenced coding bases of c-myc. Expression of this gene at the mRNA level has been the subject of intense investigation for the last year. Hayward et aL (18) (17) have found that many human tumors express increased myc-specific RNA. In some cases-e.g., the human acute promyelocytic leukemiaderived line HL-60-a high degree of expression is associated with amplification of this gene (19, 20) . Other workers have found that the myc gene is frequently rearranged in murine plasmacytoma and human Burkitt lymphoma cells (21, 22) . In many of these cells, the myc gene was translocated into a region containing immunoglobulin genes. The homology at the nucleotide level is conserved only in the coding region; that indicates that this is an active gene coding for a functional product. Most changes at the nucleotide level in the coding region result in no amino acid changes. The predicted human gene product is strikingly homologous to that of the chicken, and the homology suggests that this gene has been strongly conserved since evolutionary divergence. At the protein level, conservation is greater at the 3' exon (73% homology) than at the 5' exon (66% homology).
Comparing the gene products predicted from the nucleotide sequence of the human c-myc loci and the MC29 onc gene reveals several distinct features. There are two distinct domains, (i) the 5' unique domain and (ii) the 3' coding domain. This region contains amino acids coded by the two exons whose sequences have been determined here. The v-myc in the 3' coding domain differs from the chicken c-myc by seven amino acids (2) . Much greater variation is found in the human c-myc (Fig.  3) , primarily around the region that flanks the splicing point. This is consistent with a higher rate of evolutionary change in the region of exons nearest the rapidly diverging introns. The major difference between human and chicken c-myc genes and the MC29 onc gene is the unique 5' domains. In v-myc, this domain carries 452 amino acids (gag) that are not shared with the gene products of these c-myc loci.
